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I. 0 _,_.. _,¢mr ,,',"_JOY.

tions, there h_s-; b_._-:; Z_r :[._]t._ !:._::[_:'-nt._ '_ ! -; ./ ,.' :_ acc i,_,_:.'s ea_'h 3,_.'.' where air-

craft have el%be:" r < :,: _- .:_, ..... : - _..... :,.: _fr :::<:_ :i _._ -,* w_:_ ..... _ ,_ re-?7

_,nways. _,e_:e i::_-! ] ,<':_ ': :: • -.- ! _ .... .":. ]._ : the '.::<:t iva:.,::u f.,: -.r- ..:

government a_mc:_e:_ ,? '<', ._, ,:, : .,:"; _:-:t:.. *_._ .. '_, :.L at .: ve f'_,'_.::'-" in- -,lv.-d in

slippery r,mway :n:.'_: ; ."

i. 2 f;ack,-.... . ....

_ud J_ace :,' ................ " ............ "

braking frlsticn _ ....... -
ticn redu_t_-r .-'...... " ......

Much of th. :_ :'e:_e-._.-" .. -

mechanism__ eSBCai:.<,__ ,--". :: " ....... =__.-_._-:: :.:'_:: .::.. "n .-,-s ....... _ ..g ,,.. :_

friction meas_._m'ing ven.:. :_._ ='-::..'_ste:. :_: ..__ , __il_c[:. ['-=.... , Virginia, t¢

ascertain the suit_'cili:y -f .............f_:.-, varlcu _ ,u_hic]es *'_ m_,_,_r':::r _"__._,_.._._,"_ in a

repeatable manner _:d for yrcviding o_n "ndex that sigh< he c" :'related with

aircraft stopping performance and/or used to produce information which could

be used as an operational guide to pilots during inclement weather conditions

(ref. i). As a result of these and subsequent tests, two ground vehicle

measuring methods emerged, each showing promise of correlating with aircraft

stol_Pi_ performance and each showing capability of becoming the basis for an

operational technique. The two methods are the NASA diagonal-braked vehicle

(DBY) and the British Mu-Meter. Although testing to date has produced data

which indicate reasonable correlation may exist between these vehicles and

some aircraft, sufficient experimental data has not been obtained to show that

such correlation would apply over the range of operational aircraft types and

slipperiness conditions likely to be encountered in scheduied air carrier

operat ions.

further the degree of stopping d_sr._nce correlation that r_:_-nt b,< o_tai::_:d

between modern Jet transports _..i gr_u_d fricticu mc_su_(:me:.': vehicles over

wide range of slipFer:ne_.' ,.:cn.d]t[<::s, the FAA, [_S_', ::. :JT.'A '_rc _,:,,du_ting

a "Joint FAA-USAF-NASA R,_n';ay _,_:'e',:','hPro_7"am."

along wit_ "'-_ : '

cn several runway2; wh_,:h wh_._, w,_.tted cover '.h," r_ge

of slipperiness i/ke]y :7 he enc_,untered in the [;niteJ

States. The:e re-is were designed to determine it"

correlation between the _cra._-_'"_* and _'ic _,.in measuring

vehicles exists.

Phase II - A ccmputer study of several modern civi!/

military jet aircraft anti-skid braking system5 will

be conducted to ascertain which p_'ameters have m_jor

influences in aircraft/ground vehicle correlation.



The program was designed to validate the adequacy of the existing techniques

or to identify the need to proceed in the ._urther development of ground fric-

tion measuring vehicles.

1.4 Test Team - The tests of the first airplane in Phase I; a Boeing 727,

were conducted during the ::cried of' October h-i6, 1971, (NASA Lb_?-!016 _,. _ne

tests of the second ai_l'_ne Jn Phas_ l, _ Dcu_:!as DC-9_ were ccrtduct,-d durin_

the Feriod of Februa__y 12-:__-, 972. "2_e ;:_=,<,-_c, _-<n_'_is+edo_' _(_oers -_f r.h,_

three goverr_ment agencies, e.n_]representatives from the Co!lowing _ndu:_tr"j

organizations and forei_ governments: _e Boeing Cemp<uy: '_:e Dou<Ims Air-

craft Company; Aerospace In{_ustrles Asso,-iat,ion; Air Trs_ns;ort, Asso._iation_

United Airlines; Air Line Pilots Association, Minlst_ of TruesT'err, Canada;

Ministry of Defense and Air ._eg_s',rati<_n Board, _Lu_ted }[ingd<,m, (!e_.tre D'i<ssais

En Vol, Bre%igny, France, M. L, Aviation Ltd., Uri_ed hingdcm% a_d Hydroaire,

Inc. In addition, at several of the test s_tes, observers from other or<ani-

zations, such as Airport Operators Co_mci!, In<'., ere., were ;resent.

1.5 Logistics - Logistics support for the DC-9 tests was provided

initially by a USAF C-141 and later by two USAF C-130 aircraft. These aircraft

transported the two ground vehicles, spare wheels and tires for the test

aircraft and DBV, runway markers and miscellaneous measuring equipment, and

the USAF and Douglas portable phototheodolites. The test crew and test air-

craft instrumentation spares were transported between test sites on the DO-9

test aircraft. A test crew of 36 people was necessary for the efficient con-

duct of the DO-9 test program.

1.6 Purpose - This paper presents the preliminary data obtained from

the DO-9 aircraft, d_agonal-braked vehicle, and Mu-Meter tests conducted in

February 1972.

{

i

:i

2.0 TEST EQUIPMENT

2.1 Aircraft - The second Phase I test airplmue was a Douglas DC-9-15

Jet transport with two rear mounted Je_ engines depicted in FSgure !(a). The

maximum authorized landing weight for the airplsme tested _s 81,700 pounds

using full landing flaps. Maximum brake application speeds va_'ied, according

to weight from 129.3 to 100.1 knots. The test fan,ling brake ,:.orgy range
varied from a WV 2 of 7.13 x l08 lb-kt 2 to 13.73 x l0 !b-kt _. Some taxi tests

at lower energies were conducted.

2.1.1 During the time period when the aircraft was being instrumented at

the NASA Langley Research Center, the anti-skid control valves, skid detectors,

and MARK II anti-skid control box were removed from the aircraft and sent to

&t..e_nufacturer for inspection and functional test Components were checked

for proper operation, refurbished as necessary, and were returned to Langley
for installation on the test aircraft. This check was made to insure that the

aircraft anti-skid components were within specified tolerances and near peak

performance for the flight test program to follow. During re-installation and

checkout cf the MARK II antl-skid control box on the test airplane, a discrep-

ancy developed in the control box circuitry. A spare MARK II control box had



to be substituted and was "ase:i for the test program, 7!,e ,_u_:s',itute ,'4A_I<YI

control box was sent _o _e Manufacturer for the f_'-_e_orv f_u'c_b_nal t_st ai_er

the test program was _.<m_] .... _'d and w,-s four:d t_ t_< w_'_ _ f'_: ":U _ s_m_i:f_a --

tions.

stoppin_ yerT:_auce. T._- * -'t-,'n _._ti<:. '-}- " r-

these _........._-,._frsQ ; :t;-:_z:- " " _- _-.i ," -.,-. ....

additicnaI it,o;.r_ _r;- -s ;< ......... "_ " ':. "

the anti-skld t__axin£ -:),- .<'" c.: .:.-r e2_- tt."- ],.?_ " _ .

nose wh_".... .",_"nFe__,......... an': ];,- - -. ;_." "i;. :.... :.., ...... r . w _=, _-.( !

record the "_,-''*._- T._"-_n! -" ........ 1_'1" e .-m: _-': ::: . _ - - " - - ,_ .... : -_"

these i_ems. A si_r,a_ b_ .k -:;.z_:'_- _f -.no ::t--':,:et:-.-:.t- . __ --e" _n -.bl,.

is shown in f_¢ure 2. _:e .:!, :._'acy o:" e_c? :-f rte in -:":"_-r- ,.?n..c.r- :

listed in table ll for the -,_c-_iograph sysrer,. _,[ in z_<b _ _f [kr the

magnetic tape system. Fig_Ire ] shows the main inst_,,-_,entation rack a_.d figure

h shows the Aldis lamp installed on board the DC-9 aircraft which was autuated

at brake application. The light was used or a reference for the gromnd photo-

theodolites.

2.1.3 The nose wheel counter consisted of two magnetic pickups mounted

on the nose strut of the aircraft, a r_ng with 160 seg_...ents _n4 two small

steel masses mounted 180 ° apart on the right hand ncse wheel, figure 5(a).

The signals generated by the segmented ring produced a ground speed output

which was displayed visually in the cockpit, figure 5(b) and fed to a magnetic

tape channel for permanent recording. The distance signals generated as

each of the two steel masses passed the pickup were fed to a digital counter

in the cockpit, figure 6, a_ to a magneti:' tane chan."el for po._m,_m_,nt

recor ding.

2.2 Pi_on_l-Braked '" _' "_ YP:: '-:'_- '

1969 Ford )t_ seda_n with a _:_'h.,,.. _t.erforeemce er:_:.c, f_r _'g;:ii. _c_-e] :,........,_._t.,. .

the test speed of 60 mr.h T.,i _, '.'ehie:_ is ,_q.ui_:ped wii_, ,: dl._<;:,_:] ":,r_< _-_

system to maintain "'-" _ ' _ y _ _: n" :'al wL,.u * ..... _','_.;.?,ta]._n.c=e s..ab_ii! an ...... rertirn__. • . .... _.

wheels are locked ._* high s_aeed. _T..e tie_..:.a,-n'_.a:_,._, wr,.,-.' "s a: ",_ _:t.',. ,-_i -_-ith

ASTM smooth tread t_.t tires (_-_-:"at" . ....... • " ...

unbraked wbaels are :-auipve I w th -t_.pJard rc,_ ,_ ' ir_:-s of J -i " -',_-'-*.,i :,-._!_r:

inflated to 32 psi. t_ie tr,_kir_ whe_- t_re fs "naint:=ir;, i ,_:. :i _ t,_i i':f[a.ti,t.n

pressure. The vehicle is shown in figure !(b_. A s_nemat_c d_,_:_: of the

diagonal braking system i_ shown in figure 7.

2.2.1 The stoD%;ing_, d_ ,__,a_,..._-_,soeed. , am.l acceleration instF_m(-ntaticn cn

board the DBV is listed in table IV. _,e key elements of i_ .........__ J/ntn_tio. _. are

depicted in figure 8. Figure 9 shows typlca] DBV reeorJer traces for te:<t

runs conducted on dry and wet runway surfaces, 77:e key p_r_m,_¢_r ch%n_s

between the d_¢ and wet con:]iti'ms are the _.._ ....:_na_ ac,_e_ .....*f "n azd *he

time required for _b__ DBV : o st<c. For the wet c_mlitJ c,n. *h. r_duce 1

longitudinal a _ • "" ..... e. tl,_ inc. ea,:e -'n t,ize a,',_stc_-F:n,._ _i_"0:.,_'e

over that of the dry case. The primary brake app] ica _ ion sp,,_-a, ar,d :_t,_pplng

dlst_Ice measurements used in the analysis cf this report are vt,.riabics ,_ and 5,



respectively of table IV which are obtained from NASA standard instruments.

The stopping distance instr_mentation was calibrated by driving the DBV over

a 1000-foot measured distance _:n a straight airpc_r_ _a_iway or on the r_-

way test section.

2.3 _a-Meter - The Mr-Meter is a side force me_: _-in_ trailer shown

pictorially and graphically !_. fig_.:res !0 and II. 'UP.__ _ ,hal "*':ight of the

trailer is approximately _/0 _u_,nds. i_ may be =,_e _ by u:: ,_:_cmobile cr

light truck when equipFed wi'h _ su_tab!e _owin_ _i'_:_.

2.3.1 _ue _-Meter ]:str<amentation consists <:f a _ha:'t, rec<_rder, figure

12, driven by the rear ce:_ter wheel. ._7.echart sp:_ed !:_ ar_u_e_ such that

I inch on the cnar_ is equa_ _o approximately hSO fee_; of r_muway length. The

chart recorder has two chanrels: one for recorli_ the sid_ • fo_ce friction

reading, hereafter referre<! to as friction reading, scale 0 - 1.0, and the

other for use as an event marker, bulb operated. Fig_e 13 shows the _u-Meter

chart traces made on the dr/ _anway, at Lubbock and before ana after aircraft

run h7 on the same ru2.way after artificial wetting. _ne Mu-Mezer friction

reading is calibrated according to the inst_action manual (Ref 2) by means of

a friction board having a standard surface texture provided with the Mu-Meter.

The tires that measure the side force must be inflated to l0 psi. The tire

driving the recorder must be inflated to 30 psi. The Mu-Meter used in these

tests was also fitted with a remote reading unit which provided an integrated

average friction reading over the entire surface tested.

2.h Wetting Equipment - The equipment used for artificially wetting the

runways varied from airport to airport, but generallF consisted of from one to

three tank trucks varying in capacity from 3000 gallons to 8000 gallons. Most

of these vehicles used a pump to discharge the water at rates varying from

500 to 1600 gallons per minute in order to get the maximum amoun_ of water on

the test section in a given time interval. A typical tanker truck wetting

operation is shown in figure 14.

2.5 Miscellaneous Equipment -Miscellanec:,. test equipment :=cnsisted of

runway markers, figure 15, to identify the test section, NASA water depth

gages, (Ref 3) figure 16, for measuring water depth, a s'_trface texture depth

kit, (Ref 3) fig-are 17, _.ud miscellaneous data gathering equipment including

a portable anemometer, Holatape, thermo-electric temoerature gage and a

portable psyehrometer. A L_SAF portable phototheodciite _nd a Douglas

portable pnctotheodolite, figure It, which were set up approximately i000 feet

perpendicular to the runway centerline at the approximate midpoint of the ru_-

way test section were used to record aircraft and DBV s%oppi_ distances.

3.0 TEST PROCEDURES

3.1 Test Sequence - Two basic test sequences were used - one for dry

surface tests and one for wet surface tests.

3.1.1 For the dry surface conditions, the DBV _ _ the Mu-Meter generally

made their initial tests prior to the first aircraft stopping distance test.

On occasion, a second series of dry tests with the ground vehicles was made

while the aircraft was down for refueling.



3.1.2 For the wet surface conditions, the test sequenceused is sum-
marized as follows:

I. Water t_nkers wetted the runway test section in two
continuous passes.

. Water depth measurements were made at each measuring

station im_medi_tely after _he s_-_ -__nd pass of the

water tanker and before the initial ground vehicle

runs.

3. Initial gro'_nd vehicle measurements were made.

4. Aircraft landed and stopped.

5. Water depth measurements were made at each measuring

station,

6. Second ground vehicle measurements were made.

7. Water depth measurements were made at each measuring
station.

3.2 1_etti_Procedure - Artificial wettlng of the runws_test section

was accomplished using from two to three water tankers. The rate at which

water was discharged from the tankers was used to establish the speed of

the vehicles so that all water was expended at the end of the second pass

down the test section. The tankers made the initial wetting pass in a direc-

tion opposite to that of the landing aircraft and a second pass in a direction

the same as that of the landing aircraft. The center 20 to 50 feet of

the runway test section was wetted. The time to wet the test section for

each wet test and the amount of water used is listed in table V.

3.3 Water Depth and Atmospheric Data Measurements - Water depth

measurements were made at six stations (runway markers A through G) spaced

down the length of the test section as shown in figure 19. Measurements of

water depth were made at each station using the NASA portable water depth

gage. These measurements were made on and at lO feet either side of the

runway centerline. The first measurements were made immediately after the

water tankers passed each station on the second wetting pass. The second set

of measurements were made after the aircraft landing and stop and the third

set of measurements were made after the final ground vehicle runs. The

average water depths at the time of aircraft stopping test is shown for each

test in table V, Table VI presents the average water depth as a function

of time relative to the aircraft test. The average water depths in table V

were obtained by plotting the data of table VI.

3.3.1 Atmospheric data, consisting of wet and dry bulb temperatures,

relative humidity, wind speed and direction, barometric pressure and runway

surface temperature were taken at the time of each aircraft test. These data

are listed in table V.



5.4 Aircraft Test _ocedure - For maximum braking; stops, the aircraft

was landed short of the test section at a speed su,_i,.Aent!_, in excess of

the desired brake application speed so that the nose wheel could be placed on

the ground, the win lii't s=oilers could be raise:] and the en,ines could be

spooled down to ...._ rpm aTproximstely _ second_ o,,_-_r_ do',_ time) by. the

time the tb_reshold of t_- "_-_- _ *i ....... _-_ "

position until tL_c .... .o,,_'_> .,, t_tg_.... :: x .......=c_ to :,his

orocedt_e %'as _rc, '-,_ :, :'_:_.'__ ".).e =: .... -"" _'_':,-_. th,

-_ ... ....3.. ....... r_,._, _;0;_

On three occssi,?:_s ".:_e a(: _" ex_t<ed ,:h: u.::tt_,'__,:5', S,.:C,_ : tO

StOpping, necessltstin.- t.r.e r.:_iesse a:;0 r.eappi:c__tiDr_ o _ r,rar:¢] em ,he

transition from wet to dr: _,_cfece _'as made. _T,is 7,rocedure _,'ss foilc, wed

even thcu:-h, for _'b _o _" "= th_ ,_nain wheels :': _"_ tozk ep ""-" ' in.............. _._ ...... w:_-e the

_et section. The procedure ws_ desi_::ed to prevent excessive fiat spotbi_,

in case locked "_heels had c:cuz'red stud the air?,]ar, e tr_nsi ,ioned from a -_et

to a dry surface wi%n wheels locked. A correction: _o the s_oppin g distance

was necessary as a result cf usin 6 this procedure. T?,.e correction is de-

scribed in paragraph 4. l.h.

5._ DBV Test Procedure - The diagonal-braked vehicle was operated in

accordance with the followlnd procedures: The car is accelerated to approxi-

mately 65 mph prior to reachin_ the test section, the transmission is then

placed in neutral at a point which will result in a speed of 60 mph t_ing

attained at the _oint of entry into the test section. Upon enterint the test

section, maximum brakes _re applied, locking the two diaconal-braked wheels

which are equipped with the _T_4 smooth tread tires. No braking torque is

al_lled to the other two wheels which are free rolling to provide directional

control. Maximum brakes are held "ON" until the car has come to a complete

stop. Two, and sometimes three, stops w_re made within the lenqih of the

test section. Where oni> _ two stops were possible, other secments of' the test

section were measure_ on subsequent aircraft tests, if needed. Basic DBV

data for the dr:.- surface tests are included in table VII, and data for wet

surface tests are included in t_b!o _CfYI. ?_!,ie _,qli sho',s the test results

in relation to the rice _f the _.ircrsft test.

_._ Mu-Meter Test ?rm:ed,_e - _ne Mu-Meter was operated in accordance

with procedures _eve]ope_ in the :_:-i_ed _(incdOr_! (_e _. f'). For each run the

to'_in L vehicle was _cce],-_ratrd to t-,he se]ec.-,ed :cr_'/n_: _'elocit), _sually _0

mph, prior to enter!n,] t]_.e test section. %q;is velocity was held cons%ant for

the run %hrouu_h the test section. Some data were also obtained at speeds

other than he mph. The basic Mu-Meter data for the dr}" surface conditions

are included in table VII and the basic wet _urface data are included in

table VIII. The latter is sho%_n in a time relationship to the aircraft test.

4.O DATA REDUCTION PROCEDURES

_.I Aircraft - The nose wheel revolution couqter ;2<_pulses/revolution)

and <round speed meter ,_ere Inst_lled in the cockpit of the test aircraft

(See figures _ and _I to provide "qulck-look" capability in t_e field for

_easurln{- aircraft stoppl_]i _ distance and _,round speed from the point of



.................................................................L..........

brake application. In order to obtain the appropriate calibration factors

for these instruments several calibration runs (runs 1 through 5) were made

at NASA Wallops Station to establish 8n accurate nose wheel tire rolling

radius. These initial calibration r_ns were later supplemented w_th similar

runs at Edwards AFB and at Edmonton International Airport. Calibration

factors obtained from _he calibration runs were used to o_tai_: the "quick°

look" brake application ground speed and stoppin_ distance (from brake appli-
cation) values llsted Yor the aircraft test runs in Table V.

2.1.1 It must be emphasized that the values of aircraft stopping dis-

tance and brake application speed listed in Table V were subject to possible

reading or recording errors by the flight crew and it was also possible that

spurious counts could have been generated if the pilot partially engaged the

brakes prior to applying full brake pedal deflection upon entry into the test

section. Thus, during the data reduction process the magnetic analog tape

records of all aircraft calibration and test runs were analyzed to validate

the nose wheel "quick-look" date given in Table V. Figure 20 shows the

vmriattonof feet per hosanna el count_rlth aircraft ground speed. An average
nose.s el tire rolling radius of 1.0218 feet over the test ground speed
ranae was de_. This results in a calibrated nose wheel tire circum-

ferenceof6._2feet. These dater ere used as described in _.I.2 and 4.1.2
be1_u.

4.X.2 The aircraft ground speed at brake application _8 determined in

l_eolmyl to inmtlre accuracy and to provide a check against possible errors

in the data reduction process. In the first case the number of nose wheel

lmlle8 obtained from the nose wheel di@te_-e counter, taken from an analog

print out of the m_netie tape record, _re counted over several seconds just
before and after brake application. The pulses per second were converted to

nose wheel revolutions per second (i.e., 2 pulses per revolution) and thence
to aircraft velocity in accordance with equation (I). The results were

plotted against time end the aircraft speed at the time of brake application

was determined from this plot. In the second case the magnetic tape recording

of the nose wheel velocity pulses (160 per revolution) was processed to

produce a digital readout against time and the number of nose wheel revolu-

tions per second occurrin£ at the time of brake application was used to

obtain the ground speed at brake application as follows:

=Nx6.b2
VBg 1.689 = 3.801 N (1)

where

= brake application ground speed in knots
_-- nose wheel revolutions per second

6._2 = calibrated circumference of the nose wheel tire, feet

1.689 = factor to convert feet per second to knots

The two methods yielded results that were, in general, within one knot of

each other. The velocities obtained from the nose wheel velocity pulses are
used in this paper.

_.I.3 The aircraft stopping distance from the nose wheel counter was



determined in similar fashio:_ Oy :and cou:,tLng the number cf nose wheel

pulses from brake applic._t[on sneed to a complete stop from the magnetic ana-

log tape test records and b_, _se of tne cque!io_.,.

where

"e

The values of brake a _,[ii_atlz,_% _o;_-_i 6[_.cd end aid'craft stoT[!ng disteace

obtained hy these data ....... _ _............ c

tlon meas:Arements are ilst_d In Tatle IX, and are the data points which

should be used in any anaLjsis.

h.l._ In three Instances the alrcrsft exited the wetted test section

before coming to a complete stop. In two of these instances, R1/ns 44 and 96

at Lubbock, the dlstance remaining to atop from the end of the test sectlon

and from the test section exit speed, had the wet runway been e_ilable, 1_s

determined by examinln C the plots of figures 2!(b). and 21(c). X£ can be

seen from these graphs that at the lower speeds the data from all wet runs

merge and follo_ a common fairlng to the stop point. Thus for runs 44 and _6

the apl_opriste curve was entered at a v_lue correspondin{- to the exit L_ound

spee_ squared _nd the dlstence oDtained w_s added to the distance from the

brake application point to the end of the wetted test section to obtain the

total dlatance. Run 66 at Edwards had the win_ spoilers retracted and was

not corrected for actual stoppln 6 distance. _e value shown in Table IX

represents the leni_th of wetted test section traversed from brake application

point to exit point.

h.l.9 Dcugla_ Aircraft Company processed end r_duced the test film

acquired by its pho'othe>J.]]ite ri_,, :he te_t _ro, rsz; _s[p,- standa_-d rou_'las

film data processln pro._-,._d:_-es. Vsl:'.es of t_fa_.:_._ai:pilcatlon {TOU:'.d speed and

aircraft sto_!}i_l dJF,*9nco o,tai,_ed iv _is ....co,_[te _re also listed in

table IX.

_.i.(_ At Edwards AFL, t_,c I_SAY :-_'t.aLned meas_r_:ments of aircraft ureke

application spee6 _nd st,:,?_:i:: 5ist_nc_ J'_i'_ " '_t run_ f_o_a d_a _!'_ined

by operatin_ its f!x_,d (towcr) ground photothcodoli_c eq_.ipmcnt. _Is was in

addition to date acq_Ired _t each test runway be ol_rs'.in; its portatle

_ound phototheodolitc 4_r[& test runs. The measurements of aircraft oral,c

applicagion speed and bra_l_c distance obtained _y _he Edwards ground photo-

theodolite are presented alcnt wlth the _SA _ose wheel counter snd Douglas

phototheodolite Instrumentation in tab!e X. It can be seen from this table

that the USAF data for speed and distance are in _ood a_reement with the

NASA and Douglas data obtained at Edwards AFB. Data obtained by the USAF

portable phototheodolite durin:- the test pro,Tam are still beinc reduced by

USAF and, therefore, are not available for incorporation in this paper.



4.1.7 Observers stationed along the runway noted the points on the run-

way during each test run where an Aldis lamp mounted _n the cabin of the air-

plane (electrically coupled to the pilot's brake pedals) w_s turned "ON" and

"OFF" by pilot brake applie,tion. The distance between the brake application

and aircraft stop points aloeg the runwsy were meesured _nd noted in _ab_es

V and IX. This was a backup qalck-!ook method for _ea_r!ng aircraft braking
distance and is not considered accurate.

4.1.8 In response to questions re_ardiug zmthc_s of _ats presentation

for the B-727 in LWP-iOl_ the airzrsfZ stopping distance data have been re-

duced by three different methods in this pater to de_ermiue the effects of

th_se various methods on comparisons with the DLV s_d 5_- e_er data_ The

WIt-, or energy method, of displaying the tezt _ata is the preferred method
of one large aircraft manufacturer while the V_ method of presentation is

l_referred by another large aircraft manufacturer. In addition, Douglas data

reduction equations were used to correct the aircraft test data to standard

vei_%, r_alevel, and zero wind conditions. _"nis method labeled Sew/_ew

va, ewa In order to the  abIH ,ueh a,l '
altitude, aircraft gross v eight and vi_d on aircraft/ground vehicle corrals-

tlcm_ Each of these reduction methods is discussed separately in the follow-

4.1.8.1 The _V-_ method _rrolves plotting the dry stopping distance st

all te_t sites aga_.n__._ airplane energy at brake application _kich _s repre-

seu_ by the term WVB_ , _here VBg Se the brake al_llcatlon el_ In kn_
and W is the aircraft _eight in pounds. These plots are then used to obtain

the aircraft wt/dry stoI_ping distance ratio in the follovin_ man_er. The

dry _tOl_g ._Ll_amce is d__ from the faired line of fig_m
21 for the value of WV associated vith the wet run1_e_ng e_Ine_em4_k_t
_i_tanee ia then divl_ into the measured wet distance to obtain the alr-

craft SDR. Figure _ shows the nose wheel counter and Douglas phototheodol_te

data plotted for both the Mark II and Mark IIIA antlskid braking systems,

maximum braking only, and for the cases where reverse thrust vas used together

with maximum braking to stop the aircraft. The data were obtained from Table

IX. The data scatter is attributed principally to differences in airport

altitude, runvay surface texture, atmospheric conditions and antiskid braking

system performance between the different test runs. The faired nose wheel

counter data give the aircraft a shorter dry stopping distance for a given

_ than the Douslas data. q_ne reason for this difference may be deter-
d from examination of fixate 2_. In general, the Dou£1as phototheedolite

yields shorter stopping distances and lower velocities than the NASA instru-

mentation. Since the velocity term is squared it becomes the dominant factor

in the difference of the slope of the faired lines of figures 22(a) and 22(d),

for example. A brief investigation into the differences in distance and

veloct_ybe_n the t_omee_urlng system_ does not yield a full explanation.

In the case of the nose vheel counter, calibration runs were made at Wallops,

Edvards, and Edmonton. The results are shorn in figure 20. I_ the case of

the Douglas _hototheodolite, it is noted that the majority of the velocity

points that are lover than the nose wheel counter points result from data

obtained vhen the angle between the aircraft centerline and the camera is

smell, thus subjecting the results to more error than if the angle were larger.

Additfonal analysis is required to determine the reason for these differences.



As shown in figure 23, the SDR's determined from Douglas phototneodollte data

generally tend to be somewhat lower than aircraft SDR calcu!ated from NASA

counter data. Because of general agreement shown be+,ween N._3A counter data

,nd Edwards phototheoc_llte d_ta(see t_ble X)the NASA cou::ter data is used

exclusively in the dane analyses.

, r" ,_£ .,

V ,- Velocity, fps.

g = 52. 174 ft/sec 2

= friction coefficient

S = Stopping dlstmnce

FD - Decelerating force, lb.

V2 showing that stopping distanceThus S =
2ug

iS directly proportional %o V2. The test data were, therefore, plotted in

this f_shion in figure 2L. The fairing of the cu._;e through the data points

Ima Influence(1 by %he shml_ Of the _dlvldual run_ shown in figure 21 which

show that at the lower values of VB.. the dry stopping distance data is inde-
penden_ of w@Igh_ effects. The data_catter is Influence,_ by the same factors

which were identified in 4.1.8.1. The plots are used in the same manner as

the WV2Bg plots to determine the aircraft SDR.

4.1.8.5 The third _ed_on method used follows the Douglas Ai;'_.a_

Co. procedure of reducin; aircraft flight r_est data to sea level; zero wind,

standard weight condi .!:_s. _ne f_o_41n_N OGU_LiOnS we-e_ used:

where

Sew = stopping distance et se_ level, zero w_nd, standard weight WS, feet

S = actual test atopplm- distance, feet
g

Vw = wind velocity parallel to the airplane centerline (+ head wind, -tall

wind), feet per second

!0



t = time from brake a pp!ic_tion to stop, sec,::_:ds
d,

v
At = __w where @V

dV/dt "--q_

y : runway sl_joe

, r

g = 52.i'i_ f: _ec

W S = aircraft <tg:;i_.:d _'<t k<) -" ,,,.2._ - _ _.

where

V = aircraft airspeed at S.L., Std wt.
ew

V = tT_und speed, feet per second
g

V
W

= wind veloclt_ parallel to the airplane centerline (+ he_d wind,-

t_l wind), fee% per second

= air density ratio

W : aircraft standard weinht = _,0_ oou:-_ds
s

W = aircraft test _e_.:_t '._ou-ds

Since the runwaL; test c._.ctio?s involved in tu,'s< tests h_._ r:i<i:na! ru,."w_.y

slo?es the cootri_.[_',,io_; to :" _<[_i_,; dis_a__cc _:_" <]_i' :;io;e t(:,r:n"_'85 nc_ !ecb<d.

The resultln: S v_,rs_< '-et_ . _u..o ,-_re s_c-;: x:.... -:r,, 2_. 'h. _eatter of
ew

the data thus orod_z::eC_ in '__<'*=n_e -," similar <o _,:hat oi" o::=_- ...: . --/ _ In" the

case of the Marl< Il al _{_-id s _,_ ..... ," cor_d,?r8' ] _' mcr', ;!,_;::!'}k-ure -'_[b_

in the ease of the Mark Ilia s:'_t!zki_ sl:stem, /r-sir,, _:.ece _-=e_.s _re u_ed

in the same manner a=, i;revio:_s_y des_-r_bed t,) deter-_ine the sirc_-sf= SI)P.

_.I.9 lu order to determine the consistency with which the aircraft

stopped._n the various wet and dr) surfaces, plots of stop;in distance
versus v were made from br_ke 8pmlieation dow'_ to _ stop. T"ne data for

these .Dl_ts, figure 21, were o:talned from the :<ose wheel counter :,_.acnetlc

tape records which were dii:nitized usln_ standard N_,EA computer -_roeesses.

Data points were ottained st one and t_o second intervals and tNe :_ose wheel

distance and velocity pulses were converted into velocity and distance in

]I

/

!

i
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accordance with the equations (!) and (2).

_.I. I0 Deta which were recorded o_ %he men,aerie e::alo, tape were

divitlzed, converted to enrineerin_ units, end displa:ed in the form of time

history plots. In addition to these time his%cries, _ :rahi:: coefficient

of friction has been computcd as a function of time _..om the taped records

of lon_itudinal acce!eratio:_ and nose wheel velocit3, in this computatio, _

nominal values of the .erod_amic coefficients for the aircref_ in normal

braking confi_Aration and en,_ine idle _ --+ b_e_,_,kru_ have used. The equation

used for the computation of the braking eoefficler:t c.t'._z.tio., was derived

...... • 9ff_Om considerations of the lo,,,.i_ud! a± equetign mctlo:t and the equili-

brium relations in both the vertical direction and a euc uhe fitch axis of

the airpl_ne. The aquatic:: :z sh .... _c!o'w:

c n

12

X "' ,C ! _'X - X ,]: -_

.L! - ;(

t 0_' ¢

-]

.;,- .-( ,

where q : I/3_(V_. + r w )'-

and C : aerodynamic dra{: coe_ficient
D

CL = aerody:_amic ] ";....
z._, coei'ficie::



C = aerodynamic moment coefficient
M

.: _ing reference chord length

g = acceler_tlcn of gravity

q = dynamic pressure

r = nose wheel rolling radius
0

S = wing reference ere8
w

V = wind velocity
W

W = aircraft _eight

x = measured aircraft acceleration

x = lon_dtudinal position of aerodynamic center
Qc

x = longitudinal position of aircraft center of ,Tavity
Cg

X = lon_Itudlnsl _osition of main wheel
M

x = longitudinal position of nose whee]
N

, _ 'L' _ l,_ E _ _,.

z : height of aerodynamic center above the cround
ac

=

z : height of effective thrust vector above the fround
T

: thrust vector angle to horizontal

= runway slope

= braklnc_ coefficient of friction

_r = rollin[_ wheel coefficient of friction

O = atmospheric density

_3

.... i

!



T -: engine Lhrust

N
:_ose ;-fl.o_.:i r,_tstio:_sl s_ed

+.I.Ii Duriu _,=,._ ,-c.<:" -_".exa.:;iL_i.!_],:_,_.....'o_ eircrsfL ....._, dsts it

_ec_ .. _ 7arent t!l_t t ].i "_tl:, day"!.: cd .i_ _r_: :i-<siu -e_r "_'Leel:;
di;'fEr,'] cc;.',sidcr_b), i_o.: :.:-_. <;,:"_:,,'i,::,..,.',):_ .h,..- _,_zrTr_.f<. £oase-

qu,. ,tl_ :hc _C-# :_.3',":' :L , ." r;".is a_ :, :'::::c,ibu c! ira'.lira,s:,eed ;.:as

inves.i'-aDed. Fro_% ::]c ai [b:zcd ma::e%ic <a:;, dnL_, ;rce rol-lnM ve]_cl_,ies

of the neln and nose ,<<_,_!s....... ,,ere o/_ained and are i_i_i._e£ in _'/_,,ue-- _:'.

This fi_'dre shows theft ',,-. "ru._._ of maiu wheel a_: uTs! ve] 3c i<;; to n_ wheel

an cular velocity varies it:_,ar_, over the ,_ee(l ra:_ c from >,:ra&eaD!licatio<

to stop. This ratio ";as det?--ined to be 0.6' fr3m the test data. This

value was also dete_ni_ed ba_ dividiu C the averadc :nloaded qose wheel diameter

29.40 inches, (2o7 ._ tire) 'L< the averace unloaded [.aiu _<ear diameter, _9.52

inches (LO'<]_ tire) which FiV'<'s a ratio o? 0._ _. The <,est calibration con-

s%an_ _as used in processin[ the data to deter;,_i_c the ab,nc_hronous angular

velocity of the main _c_r wheels by:

-_ -- '_ x 0.67 (,)

and the slip ratio of the braked main gear wheels is aetermlned from:

Slip r_tlo = ([)

where:

%, : main wheel s:,mchronous (unbraked)

:, an,-ular velocity In r:_s.

e_! = main wheel en ular velocit:,_ in the
A braked condition, r]'s.

Using equations (,) ana (7), mmin wheel sllp ratios were com_ut.ed and are

presented as a part of the time history plots _ the Ap_._ndlx. Three ex-

amples are shown in Fi ure _: where it can _.c e_silTT seen that the slip

ratios at the hi<her speeds are of the order of 0. I or less. Included in

the appendix, in con.iunction with the main wheel slip ratios, are plots of

%he effective braklnl< friction coefficient which may be used alon,< with the

sli_ re,los to assess the operation of the aircraft sntlskid orakinF system

perfo_nce du/'In_, the stoppinF tests,

$.1.12 In looking for methods to provide a meanln£ful comparison of

the aircraft and Cround vehicle results it was decided that a determination

of the averace friction realized by the aircraft durin_ a stop mieht show s

meaningful relationship to the average friction coefficient realized by the

DBV during its stop and the averace Mu-Meter readinc. Accordingly the

!i

1
i
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aircraft stoppinc distances (nose wheel counter data) from table IX were

reduced to au avcraje friction coefficient bj use of the equation:

avg 2g_

where3

U = average friction coefficient realized durin< the aircraft stop
avg

V = brake application •-round steed, fps.
Bg

g : 32.174

S = measured stoppin_ distance, ft.

These date are plotted in figure 29.

4.2 Dia_onal-Brsked Vehicle (D_V) -The DBV test technique is to apply

brakes at fO miles per hou__ and measure the stopping distance required to

brmke the vehicle to zero speed. Two independent measuring systems operating

from the same trailin_ fifth wheel on the test vehicle were u_ed in a redun-

dant manner to obtain values of brake application speed and stoppinc distance.

The values of speed and distance obtained by the two measurinc systems, one

labeled NASA and one labeled prototype, during DBV dry runway tests are listed

in table VII and the values obtained from we_ runway tests are listed in

table VIII. Data obtained by the rtASA system are used in this report since

the prototype unit developed problems in it_ reculated power supplj. Subse-

quen_ to the test pro_ram it has been established that when the re_mlated

power supply of the protot2rpe s>_tem was redesicned to split the load 8 more
uniform set of results could be obtalned. F_ther evaluation of this "low

cost" unit has been made in other tests conducted by the FAA which have

proven the satisfactory nature of the po_r supply redesi!_.

4.2.1 The NASA developed correlation technique between aircraft and DBV

requires that the DBV stoppin_ distance ratio, wet/dry, be made on a ,O-mph

brake application speed base. This requirement necessitated normalizin_ the

DBV stoppin_ distances shown in tables VII and VIII to an equivalent 60-mph

brake application speed. Since the stoppind distance is known to be depend-

ant upon the kinetic ener.u, which is a function of V2, the correction

equation to be used when the !rake anpllcation speed differs from exsctl_" 60,

mph is

V2_ (Q)

$60 = _------ STest
Test

DBV stoppin& distance from _ mph, ft

_5



_rest = D_V test stoppia _ distance, ft,

V'_est i)3V test bral'_e _ _ _= a.m_catioa s_eed, mph

V,<O : correlB<io.u ira>c _:)<lication s:2ced ,: _<) r:T'>h

. _ _ " _ 'is; "" val .. _ .......... equation, a!,, order ,_ ,-: ....... :--<- :--_n_-., ._,. '_dit; ._f' "_ ........ *_-_

.... ,, "_'as _,:C:.,,_- ,.n at """' Waller J . . Ii, i_2,

where two D_V's "_'ere Le.' ...-':d e*_ ._,__.:.q--

usin_ the V 2 equation, _"r:_", <'sc.! -:_.ed _as _adc. 'fh. _ r._,s._l'._ sre shown ;,-

fiture -'v_a), _rc_] ",, "-:_i :_..b, i..dicat.,: _ ca:.a " :.'_;,ed e:_ dry

surfaces and 3:', ;iar_ :,..: _'. _cds a_ i:w a:: _:( : .:!: :_ < ?e*isf_ct3rii_"

corrected to C m:)b. :/ <.:,_'. sl _,:ific_,:t error.

4.:.,? The frict, i _ <,-,_:fficie,t de,.t:io-oed : r,: <r rl_din on r,Jnw_y_

r+" "ted " the =n,..or other paved surfoc,._: r_av :e a..e.. ' :'_al ra; er te:_,perature et

_he s_art of slidin a:_d the incremental ncrease zn the rur,:er surface

tem m_.rature due to ";he ski,ldi:.: ener;,., dczelol_'d durin." the Deriod of ti_e

_hs% %he ti_ is s!idin,, it was noted in reference _ uh_z uhe Di>V drj

stoppln' distance apDear_ d to vary with ambient air tem_eralure in accordance

with %he equation:

S _ :L'O._+ !.k_T (i0)
D

S = DHV dry stopping distance, feet
D

whe_-e

T = smbie:_t sir temperature, F.

Since the time of the tests from w,_ich equ._o_+_ (10) was esi_b!ishe,] _le "=..... have

been numerous other tests which _ave produced dat_. for considersticn in eval-

uating this phenomenon. These dst8 are sn'..wn i:_ 'f_bles XI lhrou_]h XIV 8nd

have been examined to ascertain pot:nti_.] tr,zt,d5 by _lotting Ms shcwn in _" .....

31. The plot. af fi< ....... 31 -.'ps subj_cte,! to r:: _,vernii:4<,, first .t co ......s,._,..

temperature, titan for 5 ° %em_-_ratur_ ' increment: tn c_tat:: :'_<.:'c 32 which

indicates that there is no si_<nificsn% chanF," .of dry stopping dists_ce with

temperature over the rsr:r,e of tem[erature:_ t_.:-tcc, fi':ere does appear to be a
g --0

slight upward trend be:_ond .,.> F. _nd for this reason the fatrin_ of figure

32 was used in determlnln/ D}!V dry stoppinF distance Sate i_..t:_Is _,sper for

use with wet stopping distances to compute the b_V ?LR.

h.2.5 To understand why the d_ta produce a value at ,,,he lower tempera-

t_s that is higher then that shown in referenc+ 3, the effect of friction

coefficient, u, on stopping distance of the DPV was examined. Evsluoting the

b_sic stopping distance equation:

2

as :Vl (n)
D 2,
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where

_D = incremental stopping distance

2 = brake applicatio_ _.ed squared
VI

2

= C il,_ + _)

D _D

= air vel3eit 7

= O.9_ (from chapter 12, "Fluid _gnamic Drag," by Dr. Ing. S. F. Hoerner)

S = 20 ft 2 (frontal area of a modern full size sedan automobile)

p = air density, ib/ft 3

the plot of figure 33 was obtained which shows that:

I. The minimum stoppln_ dlstance which can be realized by the DPV wlth

= 1.0 Is 23u feet.

The average dr'../stoppinF distance oi_tat:_ed from test date on

numerous runways is the result of an average .eriction coefficient,

_, = O._7 beinf_ developed betwee:-_ the slidint- tire and the runway

surface over the tenperature ren.-e of C': to _3 F.

As stated in h ) _' fa'_rin,.... "_-,_-_ _] _,as qsed lu this D,r_ for "m_'_.)._er_ o ¢

determinlnt- the D.qV st,o]>pi:_i-dlstan_e rag.los, wet/dr_,. A review o: the 9- -

data which is contai_ed _n _,,_,..bWF-itt; has l,ee_ m_de to deLermine _., _.,.:

D_V SDR's obtained in that re?oct should be cha:_,-ed. It was d_1._.m_ _(.dzhat

since of the DEV ([rv.,dat8 Fa_;'_--__,,...__ durinF th,_ _:.--'".,tests were 3:ta_.ned

at temperatures abcve ,C F, little .aT T_o practical error %'ould he _:trcdueed

if either curve were used. (7¢_e ?_;_:r,_ _). L_hus it has be_an determined that

no changes are required to zhe i_fV ;;DR's ohtai._,ed durlv, g the B-72v tests,

_.2.h As can be seen in table VIII, the DBV stoppinc distances as well

as the Mu-Meter average friction readings vary considerably wlth the time of

test following the artificial wetting of the runway. These varlatlo:.s uith

tinge are due to vehicle activity or water drai:_age from the surface which

reduces the effective water depth at the time of the test. Thus, for corre-

lation between aircraft and the <round vehicle runway sligperiuess meas_rement_

the data _/st be time correlated with the aircraft data for anl, civen aircraft

test on an artificially wetted 1_nway. The procedure cmp!oyed in thi_ p_Fc:"
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for time-correlating the aircraft, ground vehicle, _nd rtLuway water depth

data is illustrated in fig_re 35 .....In this figure, +_ DB_,......_ngFp _ distance

data obtained from table Viii for r,'_nh7 has been r:e,-.:u_.!i_citc a 60-mph base

using equation (9). These ;-orrected stopping Zistanee :!at:-were then plotted

against the time from aircr_'_f_ rim _,ata, also _,__,_-_............._ _'_-_ _o_'._:,_,__VIII. In

this way, it is ocssible. _-_ ffb_in -_u _n+_o!,_,_,-____.__ ,.............. _ r-,_-.. _-,:.tstopein_

distance at the _ime t:f _\ir':rsft .-'u;_'.h_.treflects t-:- <'m=_:_:'.:nw<:)-slipperiness

condition as enco'_utered or. -_........_ir_.:rafz. The ........ms, _::: wt<,"dcy-_oppln@" dis-

tance ratio) time correl_*_ ! -_) e'!3,h_ircraft r:_u w:,,.._'%,t_[ne:_ _.-jdivil-n_

the wet DBV stopping distan:< by the dry stopping :]is+a:_,_ at the same mmbient

air temperature as for the we= r:_n fn accordan0e w_'-:, *_-_ _:_r,-ec-f _r_ 32.

from a 60 moh_ _'_'_'__a_eaer._iz._%tt,_u _,r:_i --'er__comoutei_ ",:" c_ :par! sop. with the

similar value for the alr=ra"t in fi_ttre 29. The equat'on used is:

_ 120

_avg = 2gS S (12)

where

_avg average friction coefficient realized by the DBV
during a stcp

V = _8 fps

g = 32.17h

S = me_-zired stopping distance, feet

The dry stopping distance data for each airport was obtained from Table VII,

corrected by equation (9) and %he number of points available at each airpor%

were used to cbta_ an _Y,'_:';ge v_!ue which w__s, in turn, u_ed -n equat_,_n (i2).
The wet DBV stopping dist_t:___s used are the time correia_el values fo'_n:t in
table IX.

h.3 Mu-Meter - The Mu-Meter was towed at "_,r_stant speefl usually h0 mph)

over the section of %he _-_mwr<,"t,."be measu__ed, in a.diitior, _o the test. speed
of 40 mph, some runs in this inve._t.igatior, were mq,le wit,h <he :4u-M_ter at

speeds of 20 and 30 mph to obtain da_a on the effect cf sK.eed on Mu-Meter

readings on a snow-covered surface, i-hypical test records ootained with the

Mu-Meter before and after aircraft _"mn 47 are sh,_wn in f'igare 13. The Mu-

Meter instrumentation included a remote mechanical integrator which automati-

cally read out an average friction reading for the length of test section

measured by the Mu-Meter. The integrator average friction reading obtained

for each test run of the _;-Meter is listed in table VIII. For most aircraft

runs, the aircraft did not required the full runway test section length to

come to a complete stop. Consequently, the Mu-Meter test records were

analyzed only over the portion of the test section (see _igure !3) in which

the aircraft test occurred. In this manner, the average, maximum, and

minimum friction readings of the Mu-Meter were obtained for the length of the
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runway test section _.ss:.clated with the aircra_ test .... =o_ ,_J-Me_e_ -_verage

record friction readings for each test run are also listed in table VIII.

h.3.1 The Mu-Me<er aver<__e friction _ ....r_± ....:_ _C mDh '.h<_.ined fr:_m the

in this figt_£, the _u-'_e _,-.....average friction rea/:n£ ;_ }:0 ___.._-?-,ta_k._,n........_" r_-_

and after the _ir{ra?< _.e:_% I'1_:. was <:do<ted %:ai::st _[m_- from _irer,]fl run

data ob_.: .............:=O _ ,'ill. All < f n}'_ Mu-_.:o':e_' t_'_ ru::_: _md_, :c, _<, _-_

test s?eed wera :,::u'v:'...............in _h: s mann:-r __ri _'_:.... --_- .................:-_-:_. M::-Me +e_

.... ::_s_-=: i,.-:table l.,:. Fimn "_ :_',:,-:"es:ut: ia-.,$.-'_average fri,-_on :'ea:i is are "" " " ,,

two ice co"_-_d surf,\ees _:t Wa!i<DS. anal sho'_s *_"_,..__ tne.?e is esser:t{a_;} -...... n,_

4.3.2 C_eratior ::_£ the ._-Meter ::n snow-aover=:d surfaces at E_onten was

not entirely satisfactc: D in that the :'4u-Meter pr<!uced a ::ide-tc-side

instability which tende! _c invalidate _ny readings. The manufacturer attrib-

utes the instability enco_;m_tered to the fact that a smccth tread center tire

was used instead of a block tread _ire. Use of the block tread tire on snow-

covered surfaces in Europe has produced no instability. The Mu-Meter tow

vehicle was also not equipped with snow tires and thus was unable to maintain

traction and towing speed on some runs over the snow-cove_-ed surface.

h.h Average Runway Test Section Water Dept h - Water depth measurements

were mm_e beside each runws_ marker by the water depth measuring test crew in

the _reraft left, nose, and right main wheel tracks of the runway test section

a._ three separate intervals during an aircraft test rum sequence. These man_

individual water depth measurements were used to determine the average test

section water depth values listed in table VI. These water depth values were

plotted against the time from aircraft run data (see figure 35) so that a_.

interpolated value of average test section water depth at time of a_rcraft

run could be obtained, it should be noted, however, that the water depth

measurement times listed in table VI are given to the nearest minute whereas

the time values used to deter_.._ine average water depth at time of aircraft

test run were plotted to the nearest tenth of a minute (see figure 35). in

figure 35, this technique yielded _, average test section water depth of

0.021 at the time a!r_raft r_n 47 was made. This proced[ure was followed for

each aircraft wet test run and <he results obtained are listed it. tables V

and IX.

4.5 Ground Vehicle J>rrelation Tests - Prior tc c_mme::cing aircraft

tests at NASA WalioFs Staticn, a series of comc_ative tests were conducted

using two DBV's and two Mu-Me<ers. The NASA DBV and _he FAA DBV, the USAF

Mn-Meter and FAA Mu-Meter were the vehicles tested. The series of tests were

made on the test runway 04/22 and on r_nway 10/28 at Wallops _nder dry, wet,

and ice-covered surface conditions. The data from these tests are presented

in table XVl. A discussion of these data follow in section 5.
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5.0 RESULTS AND D[S_ISSION

...... . _" :':h_';; some cf the5.1 General _ ,_m-.'___t,.:_.ou of !h_ _ r,aper br]_, .:,',,'.

,.... _; limited a_i}: ..... : :' ' ...._:f,t ,is+_ Aspreliminsr-j res,_llts vbse. ;_,, _':-'i2@ a ......

pre]imina. 7 ]__ta cb_[::e [ "_- ;" _n _ t_:::t rr;<ra< "_ . • _ ","!! _..e f'_:-*her

upon w}-eei rez _.-:er-,' 2.t'te:" _-. 1';'. >.:._ release fr,-m fih :'_ '-!<r:. " ,_.;._ :-:_kid _"<s_<_.,

the more sliFpe:.<: z:",way .-...... ._:: :r;'<sti ..... . _'C_:: ,kb-: :::. t

70, 68A and "_ _,_ the ^ _ .. o ...._,.re.:._i;.: ",-_ '.,x0-T._!es or" this __,_ .... : .... " L:hf.s _b,.._,_._._

behavior of the Mark I: an:i-skil ..... em ""-- _-_.-. ...._ :_yo_ was ,_ ._, i. u_'in< v'_k Ii braking

runs at Edmonton on *_... srow-._,:..vered m_-_way __T.d at Wai'.r,_. %_, [_,,.-..,_Mark iI

br_klng runs on runway h/22 (.08 inch water depth). _.e Mark iIIA anti-skid

system, in contrast to the Mark iI antl-skid system, apt:eared to function

normally on all braking runs of the program regardless of %he slipperiness of

the _w_ surface.

5.1.2 A Hydro-Aire/Douglas Company simulation study of the DC-9 Mark II

_nti-skid system, which dup!ieated some of the test runs, suggested that this

abnormal behavior could be explained if the right-hand milot's meterin_ valve

was out of rig. A check of the test sit'craft hydraulic system was made two

months after the conclusion of th_ test program (see table XV) which confirmed

the Hydro-Aire/Douglas analysis.

5.1.3 The com]_ination c'" th_ :'_:]ucel fluid flow :hr .miu the pilot's

metering valve and the Mark rr ,,,_._,_1 valve char__cteri-:_;i,:s w_s such _b0f a
_ •..... m-'} _4_,-'_ 77 co'.l%roireduced inlet pressur' (_ .... 3000 :u,[ ...... em '_ _=

valve effec+{vel_,__ . ....___,_'.-._"o fl,,id fk;,w thr-'c_<b th, "..]. .... :'_" in "''_. ......- -< "]_

brake cavity refill ..........time For th:'_ ...... _--, , ,.,........ .:::. .......

runways where the anti-skid L:y_*,er t'u: ',v d:rr_," w!-_: ;_rm'- _"o:,s_res,

suffered pro],<n_ed brak, _ re:ili ti,_.,_; :'n t_-_ r_ ,_- ,c,_::,- ,_-,.:"w,h,:<:!::and

thus delayed pressure..... bui.ldu_ ,:. t-- .... 4;,,,._-*. ar:_'-r, -,-_.: :.. :. 7hi:: _- :" :;l: >_,._m

did not cccur d;_, MR]'4 [" 'r,r,__,< :,," r,z. < ::_ :'-/ -..:-. .... _.. -.: ..,:- "-' .*-: ," w*,'

r]J]gways (" _, _s 5Y/i i; ;:]:Tt(rl] __!'cr,'.-:[ _ L ' 4

d_zmped press:-re (f]ui]) frrm t,h,_ br_2_e ,_av"f_: _:::: ';_<.._ .........

did not occur.

5.l.h Pre]iminary rest'.'* s from *he HyS_c-Air,--/f,<_u<['_s F7-9 Mark II az-ti-

skid system simulation study :_uggest that the test aircraft ':',_t cf rig"

condition of the right-hand pilot's metering valve during *he test, progq'8_

may have increased the DC-9 stopping distances cn sli_,p,.:rf -'unw'_ys by as much

as 4 percent over that obta_n,zd when the _iic, t's metering :siva is within

tolerance. This estimate should be confirmed by actual :'ii_'_:t tests conJucted

with the pilot's metering valve rigged properly on _,he te_t aircraft.
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5.2 NASA Wallops Station_

5.2.1 Nine dry and three wet maximum brakin_ aircraft stops were made at

NASA Wallops Station on runway 10/28. The watez d_th variations _ith time

for the braking rtu_.s,c_'_'*'orme]-.... on runway I0/2_ a;e "'_n.............in fig_'e 37 _]

Time histories ,_,-*"the ai._c_-sft parameters re¢[r_ed by, th,: _irc-_','t__mccnetic

tape recorder as well ::s co,muted aver_=__ t.r_kin.q fri?tJ _'nc----._':_{e..,___...._ud

wheel si_p ratio are shown i: the " _ _" _ ........................ -_

and 25 were not obtained -_':t,nthe n_'_net,ic t:<ee :'e_crder. Da=a fo_" tbJ_,_

runs, however, were ._+,_i_, it.n :;e Dougia_ _ "* -'"_.^]ollte as snow:: in

table IX. "Wet _unwa_, tes<:[n_" ,:::runway 10/_'',__.w:=_ abb_'cviatcd Jue to kigh

w-inds tha% prevailed durir.4 m_s< ¢[' ._he il±oc__ :I I,s73, tlme f.or "7{:] o,r-s.Dse.

5.2.2 Five calibrations runs were made on r?J_way a/;-'2 for the purpo:-: of

calibrating the nose whe_<i instrumentation and _._''-ohtai_;_ _., data on aircraft

aerodynamic drag. _"nese r_us (r'_n_ i through 5) %_iIi be more ccmpleteiy

analyzed at a later date. Time histories for _s i through 5 are shown in

the Appendix.

5.2.3 Four abbreviated maximum braking runs were made on runway h/22

over a test section length of approximately 2050 feet under wet r_&nway

conditions. Brakes were applied at the entrance into the test section

(first event marker) and released when exiting the test section (last event

marker), as shown in the time histories for these runs (runs 106-109) in

the Appendix. The test section on r_uway h/22 contained the following types

of pavement surfaces as delineated by the event markers in the time histories

of _he Appendix:

Event Length, Test Section

Marker _t Description

1-9 350 Canvas-belt drag finished

concrete, ungrocved

Surface

A

2-3 350 C_vas-belt .l-'a_ finished R

CDF;CY@t_, _roG'J_J,

(i in. x i/!_ in. x i'/ {.n.)

3-4 350 Buria[_-drag f_ ni_:hed C

(l it,. x _/4 in. x •±_,'_' in.,

h-5 350 Burlap-drag finishe_ D

concrete, angrocved

5-6 650 Smooth sand asphalt E

(Grlpstop), ungrooved

The maximum water depth for these runs averaged approximately .08 inch in the

test section. A near or complete dynmmic hydropl_ning situation is _nd_cated

in surface A because the aircraft wheels did not recover synchronous speed

when wheel brakes pressures were released by the anti-skid control system
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after initial brake application. When the aircraft entered the grooved pave-

ment (surfaces B and C) of the test section, synchronous wheel speeds were

obtained on the main landing gear wheels and effective wh<-_i _r_d<ing co_menced

on the grooved pavement, i-his effective brakin_ was _ost _o<_n entering the

smooth concrete surface D __.n_ continued at low t';-icr_ _- i_<<._ :,: the smooth

sand asphalt surface E. 2%_ese iata tend to "-'d'_c_ _ " _t _hc- v< rn tread

DC-9 main !andin_ gear tir:_ _il! hydrcF!ane u hig:_ :- ,_, _ < ::m_:t,h pavement

surfaces at, water _epths u?[,:',aching .08_ inch 'rlr,i_ _. _i or'-,!.ng. It i_',

interestin_ to note +h:_t [.n_ "_.nbraked rose who _ _i" __.'_ _ new c<_r¢ition)

did no_ e_ibit this wheel sFin-down tendency w__ _-._:<,:_-_ ': :k_ _:_e air-

craft speed and r,_nway wo_nes_ ,:onditiens as the _ _k__ < n_.:.q _:_:;,iing gear

wheels.

5.2.h T"ne variation of _he DC-9 aircraft s_or, l,,_n_ list_:ce _ith gro:_ud

speed squared is shown in figure 21(a) for all wet and 4rj runs on runway

10/28 in which the aircraft r_gnetic tape recorder was ,_,peratlve. _e

correlation obtained between aircraft, DBV, and k%_-Met_¢ f$r <hese rims are

sheba in figure 37(a)-

5.3 Lubbock Re_ional Airport

5.3.1 Eight dry s_d nlne wet maximum braking aircraft stops were made

at LubBock Re_omal Airport on rtmw_y OSLI26R. Im addition four dry and

four wet rums were made using norm_l reverse thrust on both engines and

_xim_m Brakln_ in the wetted test s_tion. The water depth variation with

time for %wel_e wet runs (run ii0 is omitted since it was a low sDeed taxi

tes_) is shown in figure 37(b). Each r-an was faired separately to obtain

the data shoran in table IX. The average water depth varied from 0,013 inch

to O,OS_ inch aZ the time of aircraft test. No wheel lockups were experienced

during these wet stops but the aircraft exited the wetted test section prior

to a complete stop during runs 44 and 56 which were conducted at the heavy

aircraft landing gross weights. For these two Da_*i_u].. nr --'_s,_._,incremental

stopping distances from "BRAKE OFF" speed to a f_l! ntor were estimated from

figures 2!(b) and (el. These incremental sz_ppin_ ai_n_es were added to

the braking distances ,Ybtained in the wet test _-i'_ fr_r the NASA cementer

magnetic tape data to cb*_in the aircraft stop_ir_ _]i_.nc':_s _h:_ in table

IX for a full stop condition from brake applizat _,,n sfeed.

5.3.2 All of _h data points (except aircr<_, '" r_:_ _17i, _ iow spee:_ taxi

test) obtained at: Lubbock f_r _h ai _ _ "'"

figure 37(b). Actual *ime_ _{_<i='<......... _ .......of ._ ......_,_._,=,uer= ;_i_-"-......{ .;,4rameters fgr

each aircraft 0raXing r_m_ at iubbcck are given in th _= App<:ndix t,, this }aper.

Also included in the Appendix is the variation of computed friction coefficient

with both grou_nd speed and slip ratio during each ru_.

Edwards Air Fc,rce Base

5.$.1 Eight dry and nine wet maximum braking aircraft r_Lns were made at

Edwards AFB on runway 04/22. In addition, three wet runs were made on this

runway using normal reverse thrust on both engines along with maximum braking

in the wetted test section. Time histories of the aircraft parameters

recorded by the aircraft ma_etic tape recorder as well as comruted average

22
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braking friction coefficients and wheel slip ratio for these runs are shown in

the Appendix. Spoilers initially extended hut then immediately retracted during
ff

runs 66 and 6_. In the case el" rtul ,,,o, a max[mu-, brsAinc run with Mark II

anti-skid, the loss of spoilers during <he r_u_ red,ice! th_ _ wheel braking forces,

and the aircraft exited the wet test sectlon .:_.t_ _pe_: _.<. a.,.._x ....a ......_

_" th _ .gasknots. For run _'8, a not-rural :'averse th:'ust an:l "<a>:i,:.._mbrs_k[ng r_m, 1

of spoilers c_used tLe _.i__'cr_'=r"tto bc_m=cc .h:ri<._ !c_n]_::C. ,...........

touchdown., the braked wheels _,_e__,_'" " , ani {-_,_.... n.ircr'_ft c,l'Z '}.lon6: the l-,.tnw_v_:.

centerline __fih_._o,__t'_g up t., :<..J_?_'ees yaw <_n_-'ie. Reverted rubber

fox,ned on the sliding m._'r, gent' *ires_ _zni <he _=iroraft __<.-_eration__t.: =_"er,_ the

pilot disengaged reverse t_............- was aD_prox;m=_e]y. .05 g, a wheel brskin<

friction _eze__ _ _ indicative of :ever'-e:_ _-_%.........:.y.}r_'oi_ninc. Except f_r "_'_u__[%,

the _-ircraft experience_ n_ wnee_ /ccKums during the remaining _{ _"ma •_m_m br 8/<i r_

runs at Edwards AFB. _nese two runs were reF_.'{_ed (runs 6_A and 69A) ___.d

normal aircraft perform_ance was obtained for th _ repeat runs.

5.4.2 The water depzh variation with time for the wet runs is shown in

figure 37(c). Each run ";as faired separ_tel y to obtain the water dep£h dat_

sho_m in table IX. The average water depth for the wet runs varied between

0.008 and 0.040 inch. For runs 77, 67, 68, and 69, one percent of organic

foam was mixed with the tanker water supply to obtain a water del_h O_ the

greater than that developed from the use of water alone. All of the

data points (except the no spoiler runs 66 and 68) o]_ta_ned at Ed_rds for the

aircraft, D_IF, and _-Meter are shown _n figure 37(c],

.Edmonton International Airport

5.5.1 Nine maximum braking airc_ _ft runs were made at Edmonton on runway

11/29 under a snow-covered runway condition. Because of weather restrlct_ons,

all a_rcraft runs were accelerate-st_p type of tests. During the night foi-

low_n_ arrival at Edmonton, airport personnel using snow blowers made a snow-

covered test section in the center of the mm'_ay approximately 6000 feet lor_,

60 feet wide, and I-2 inches thick. _,e snow was obtained from snow banks lo-

cated along the sides of the _runway that bad ace_%mulated from previous snow

falls. The snow in the test section _as =,t _har_.eteristic of freshly fallen

snow in that some of this old snow had reo_yst_!ize_ _ form ice particles.

A snow rake was used to level the snow in •he te_;t section and this technique

was employed to releve] the test bed after each aireraCt test r_nn. Aircraft

runs llh, llhA, IIhB, and llhC were ccn,lucted with _ snow depth of 1-2 inches.

For the remaining aircraft runs at E{monton, the average snow depth in the

test section was reduced to 0.3-0.;_ inch and natural snow was observed to be

lightly falling during these test runs. During run llhB, the brakes were

released prior to full stop of the aircraft and, therefore, aircraft data for

this run are omitted from table IX.

_.5._ Time histories of the aircraft parameters recorded by the aircraft

magnetic tape recorder as well as computed average braking coefficients and

main wheel sllp ratios for each test run at Edmonton are shown in the Appendix.

The variation of aircraft stopping d_stsnce with ground speed squared is

show_ in figures 21(g) and (h), All of the data points obtained at Edmonton

for the aircraft, DBV, and Mu-Meter are shown in figure 37(d).
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5.5.3 It should be no,ted that the aircraft main ge_m tires tended to break

through the snow cover dr_ to the bare concrete surfs e ........ng maximum braking

runs. The unbraked nose wheels of t.he "_ircraft _n the .-_th_zr h_::.d tended to

lose tractioz {los.< syr, c'::r" :,,_' _, ,r,.-._:_" ;n t-;,_ i ......... • -_ "._ _ .:,

These ef.T'e,3t £ ::gn t_e <,h_:,'_ .... .q _ -)re :i:::¢. _,;st:sr[--: -" " ,, _.:'" :'_,,. r,.lns show7]

in the Appendix. Eke ............... : :'*_ _..................... ..... ,L w:_;: :...:i-'<:! ':: :': :_........ ,: +,- },.'th the
Mu-Meter :rod _,he F_!V e '._, __ --: • .'_,.'., <: i s::.:w ,]e,-- L: . :" ',-.". - :'_.,:_h. 'l_. -.

NASA DBV had dit'fi: _:t.:_- :' .:.:'.- " "_" "":: : " I_C 21: _" . .:: : : . : - : : _" _:?'W-- :-.' ." "-_-_e q.

test se_*ion..... Te::t .......,. . .:. :-,., ;'! ,-,-, _..-.... _. ....._-_.-_-_. :........ ,._ ;_ .-' :,.-: _:-,. te:t _r, eed

on the h7 r:mway __ ...... . ..... .--r_ . .......

bed at _i *" - :_:"a,_ gh,.=y above t;_:" .:.,::.-i, "m !. :}on ":.'ndtJ.'_; ,.: "_. ! :. :- ,*{":".

loss of control was e.vc,.e': _'::¢i b', .:.-, :,AjA ")_!7 ";..:.'_: .:. ,: ::::qu,_; !-.-wev_:-,

in one instance, TY:, <b::?..: " ," _2. 7 : : it...:.i ::'_'_ . ::. .z .. _.<.:c'-'z' in<

to test speed in the s:u'w-":.:-.,! :.... .. :,e.-t!:.:: _: _ ':-:- :-, '.'it,: p_,.-_.,,- .:.

had difficulty maint__ini:: .... ',_,'_; ",- ....... i.:-t'_- :.a--.:-; -..,: :,.:" _:_,_*_.-,<

at speeds above 20--:,3 mE'h, ,_':;i.e'i:_-li:: :n the dee!:_::" ::n-_w !.,r:":.-. .;':: th_

higher test speeds, the '_':-'.',-e:.:r tr'_ii._r tend,.d tL'. Leve!c,r _, >-:w oseil!,zt-on

which affected the frictic:n -_ting:;, _t was -'_* ' ...... ' " .':":o _'_:

tllet this oscillation would have been reduced ".,:e eii*.n[:-..aT.ediL' th,c Lest

Mu-Meter center wheel had been equipped with a block-tread tire.

5.6 Houston Intercontinental Airport

5.6.1 Five dry and four wet maximum braking aircraft runs were made at

Housgon on runway 26R. Grooving of th_s runway to a 2 in. x 1/4 in. x i/h in.

transverse pattern was completed a week before aircraft arrival for test. The

run'way grooving increased water drainage from the _-_nw:_.y such that after the

water taa_kers passed a water depth measuring station, there was no measurable

depth of water left on the runway. Water de c,osited in the test section of the

v_r!ed f_om bOO0 g_]]ons for run 102 to 7500 gallons for runs !03 and

105. The increased runw_=y wetnes'_ it::" th<>_ runs havin_- ]::.r_er quantit{es _f

tanker water dispersed, xch{]e r:ct me_s_'_reabie with w,_t_r depth _ages, did

increase runway siipperJne_:s n,s ini,c_'.,J by tn ,_ ;_,.t,,. sh wr: "<':" -]-,e -.[r,'._:'eflt,

DBV, and _-:u-Meter in .":.gu:-e :_:':e).

5.7 Fre!imina_" E-st:t::, - Airc. z

5.7.1 Analysis of the air:raft r:n time hi::_zri_s and n:_c: cietea, co,reputed

friction coefficients and main wheel slip ratios ,\ypendix: d_',.'t':,_],mdty

the Mark II and Mark I!IA anti-skid systems in.Jic_,fe that b:;th systems tended

to control the braking wheels at relatively low rqip ratios _'_u_ng full stop

braking tests. Only occasional deep wheel skids were devel_Fed on the

braking wheels and these occurred usus]!y at brake anp!icztlon in the deeper

water depth runs at Lubbock _d Edwards. Prolcn_r,d main w_,:eel 3ockl_ps

occurre¢_ only during run 68 a _ E_,w__r_: which m,',_+......be *_,,e-_"_,_,_s a unique case

because of the bounce at touchdown a._-_,loss of _.D_-_ers i:]ring the rmn.
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As can be seen in tal;ie V, several runs at -_ ..... _....... .

presence of strong c_'csswinds. For these particu:z: _ r_ns, the pilot ruForted

good aircraft directional ,r_ r,_i d-_rin_ maxfu, u:,:....._'_ :_,o m2_w;<f _-

on slippe_< :-;m'zay: :r :.-c:_win _ _:_J_ :.. ..- ::, -. - - - " _" -_ " _'_

results (ref. _,; ,;,,:.. =;,._ : . _-. :,_: ..... : . :,,,-. , " i ..... .: L

resear2h al_c s:,ows _]_," ,i -,. _ _r:,eri,._ ...... _. " : : /..,

control is sc:'icusiv .,_,-_=::.: . "" .̂....... -- - -. . ...... .:'...

systems con. _ _i _hee- :.:,:: _:_ ._ :_" -L. .... .- -':. : -.,

wheel bra/<e i.:ezsuz_:.-=: ,._ .. <r..;.__:..: :._./'_.';; w__-- - " ' "'-i ". _-_'-""

de_ths 3,". the r_,_r,waY, b .... _" - -: <- : - " : _' "":--
mnbrakeJ wh,,el rotat: : . .- .co .... -:. --- r,; .- .--. ::..-.: a:"-_" ;;'=--=

release of a _,r_<__ wl :_- . ln "-r_'s :'1_:';', _ ;",._" ...... : , -" .... .... - --tk:_

system would be una_!e " "-e "-_* ::ar:.ia. :- _.:;::-.l,=r-, w,._<,...... "< "-._

occurring (anti-ski_ s:,-_-.er h;_s "':m_i _"e ..... y r;m, ",'. ! rr=.'._-_: ..... cm trL_kin_

wheels). _e time h!2torie_ < r_m:= _0.], iO iO, zLi !q.-, see Azpe/:i"x'

surest that such a critical wa_er depth (0.06 in.) was reached on the smooth

eomerete (surface A) of the runway 4/22 test section at Wallops.

5.7.3 Analysis of the computed average friction coefficients developed by

the De-9 Mark II and IIIA anti-skid systems during m&ximum braklr4_ runs on wet

rt_s (see A1_pendix) indicate that these systems generally produced lower

friction levels under high-speed slippery m_nway conditions than was found for

the B-T27 Mark Ii anti-skid system maximum br_king r_ms performed under

similar speed and slippery rtmway conditions (excluding B-727 prolonged wheel

locklxp runs). The fact that the B-727 Mark iI system tended to operate at

higher wheel sllp ratio levels th_ the F_U-9 Mark f! or Mark IIIA systems for

these test conditions suggests the possibility that *he De-9 Mark IT and IT_A

wheel slip ratio level was not sufficiently h'._:,:eno:_h tc devel,_p all ,5f the

available tire-ground braking friction potent'al existin4 under _hese high-

speed siippe_ runwey P_n_:it_-,ns. _ne<c ,r_,,l:: ..... .," <._s:l_r.. ,:., relatively

hig_h wet/d_ stepping distance ra+.:os ............. _ .........

more slippe_ Lubhoe:< ;_,-J E.iw_r:k; wet r:_:wa-y-:, :'h,::;<- "rend:: _A:"" r in* <u _ a

possible dilemvm f_.,_ing ;_.i:'cr!_f:. _::! [-.<ki..!. b:-_/<!.;_ ,,;/:::era 4esi_':,er::: 'hE' ,-.

how to devel,-r_ me_imur: b:'d<in_ " '_ ........ " ' ' "

nerin_ capabilJ*',,_, fo re_<._ ._c.n -_'_...............,=: ...... ,._ ';--. ....... , ........ , :.,: . .......,;. _,:.'...........,

runways trader cr©ss'wi::i o:" ;=2'¢_,t _-''_' "..... e-'. -_........ ':" "

5.7.4 The Mark ilIA an'i-skii zy_tem tends to dev,_,lcp z .............._ -_ the avail-

able tire-ground friction coefficient '_nder d_; _-unway _ouditions than _he

Mark II system. The result _- hi_her a ...... g,, br_ki_ 1'rictie.u coefficients

for Mark IIIA braking runs especially near brake application speeds and

shorter aircraft stopping distances than for Mark II br'_king runs as shown in

figure 22. The trends of the average fricti:n coefficient data, which reflect

the trends of the basic tire-ground friction data as modified by anti-skid

system operating characteristics, indicate that the aircraft tire friction

coefficient tends to be independent of ground speed on the d_" and snow-

covered runway surf_ce_ _ v_ *" _-_,_.n s_ga,.=_, but is deoendent upon grotmd speed for

the wet runway surfaces investigatel. On the wet runway surfaces investigated,
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figure 1: il <__ [ z" ..... • , ".:_.,-. < _" - ,- ), .- _- :. ,- ,:-- 7 . .s e'."

_%anner cn _.}" r'_.w:k.,. . ,,,_,:__-_, =:_- , • ;'. - . , :. :i_ t= - ,
stahilize_ ccn(iiti:t.n -- ..,::._:-;<_.- [:. -.._ -- . " : ;._: . : ....•

water depth an th,_ ;u:-,c .... , , " .......... _ r_ - ,id ....... :

maxim'_,m - _.4 " " ' " - _- _ :'_-rAft_T.,._-SKI_ tr:-:,_::: < t:: _,. } _.;© 7_'_} ? , "L .v.- .? imr-Dv4 _[

sto_ping _e. f ....................... ': _:: ._c":c .... _" = _ _:'- .,c .....

thrust with mayim_: u::: ............-.:]- _ :_-_,_-_:" ".'!...... 4;r. : _ . --,',_"_i,c _, ::ax-_:;::m

anti-sKid braking onlj .

5.7.6 The variation cf aircraft stopping distance ratio with ground

speed for stabilized braking conditions is shown in figure 26 for the runways

investigated, The vertical iihes in _his figure indicate the approximate

5_ake applic&tlon speed range experienced by the test aircraft over its lan£iD_

gross weight range. The data in this figure indicate a trend for the aircraft

SDR to remain at fa_ir!y constant levels over this brake application speed

range for most test r_s.

5.8 Pre!iminar]- _esults - DBV/DBV Correlation.- A limited correlation

study between two DBV veh_ci_s was canducte_ aL W_iloDs several days prior

to the ar_!val of the DO-9 test aircraft. The _ime correlated data obtained

from this stuJV are sh::_-: i_. rabi_ XVI. i: _;n:,uld be n:tea that the NASA DBV

was a 1969 sedan-_ype a_:t,-mcYiie vbile the FAA DBV was a i_b_ s_aticn wagon

_ype automobile.

by the _t , _-_-- -_ - ..... ,..... _:_""

SZOrc)iL;.._'_tar.ct_ "_ .... ;...... ' "-' .... ": "._ -, : : . _: • :: : .......... :_ _ _ 1: r _

F._b',and ,::-, r_:._- . . -

ruT_way ccve:.'eG wi'n .:. ::.:_ . : :t _:'.; :::::_. -::. -_:" ..<. , r-' ", , : i-._,_: _, _"iE-

ure 30(b) shows the ':cmT:=:'!:, :: ":" N,tSA aul :,%;, ;:-V .;t 17];-,; ':!_'tt_-;':(' .:b*ained

for this ice st_rface 2s:!i.L[,-:" ,ver a br:_.e a;:D-:_'_:_-:; :_F,et:d :'ang__ from

approximately 2C-hO mph. it "hLuld be n,::'.e,_ :u".', :'.: :.,.i i,:w runway :'riction

condition, the DB'I stopl;ing distance ratio tenl_ tc iec,_ _se with increasing

brake application speed. Tnls trend ._u;gests that aerc<yF.n_ic drag, effects

can affect DBV _topping performance at _ w r'_nw_y fr!ctiof levels, _;is

contrasts with the resu!t_ shown in f:,m4re _:_,(_) ;-hic: i sd_,u:te2 that [_erc-

&ynam, t drag has little ef."e:-t o': ZBV stop_ring perfc_.__an_e cn dr}" r':rway$

over the brake ap_,lieatlcn :.rqci range (°O-_O :_ch'; inr_.stlga',ea.
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5.8.3 Figure 38 shows the stopping distance _ _p_ *"c_r, ._a_zon obtained

between the NASA DBV (sedan) and FAA DBV (station wagon) over a wide range

of runway slipperiness ,.ond'ticns and test spee::ls, _Ti......._ _inz-cc,.-reiated

data were obt _ ....' f_::-: t :%de )Tqi. AaJac_ _ _......_oA ,UBV runs

were compared where ......iZie *:_ :ninJmize to*_ <a_, tim: ',_._.',,,;, vehicle .....r-.- _w .... , . ._cbu

runs and the possibilit- :f tLe r[tnway :_urf:_z.7 .--_,.!_ ....... ng b ......... "

test rtuns c£ *,"..; tuo ' ....:_:,'t. L_S, -_t 2h.z:u_ [ b_. _ "..... = i.'_/_-l'.,.._n,.

coating on t;:_ -_'--'_'-'L,-5 :' r.,.:,','_y su.".:'_,_'e ::i:,-2 uzt :." . ..: ,, . *" e asperities

completely ._<.;. _,._._.;n:.L .2 z=!_7_e__ J- ,_, rur';r_ t,_..r:a:..: : : -.. ".no _!ere

ice coat.lr.6 ,:_z ti-.:_ .....c_ .-:.:..'z:<zz_.<e ru.,:,_',_v _: :::'t'_';'e. " :::_ .""r,z: fLg-

ure 38 thal a dirc:t ,: :'-r;__. i_ " =--:.,:.._. be_.-ree: .'.- /." /:" . _: .t LV >tclG_ing

dist, anc_ _=,,_u.- ........ ,*-,- :.th.i.i- _ u t::tter '-,,": ,...................... :.:- . .: .<.,. :: , i< ......

the l_'_?_y 5t,.'C:;. :, 2.< :,-1-_9 -_,_ Cc;:_II,-CFs =.'.,_._ " "-',-

5.9 P_eiimi,na:'b' : z,_£. _: - ..',lu-Yet_:r/Mu-_",Cetez" J "re!.=_':t:n.- A lLrited

correlation study bezwe{:_ t%-c Mu-Meter trailers _'as _-:ducte_ az Cal.lops

several days prior to the _rr_val of the DC-9 :_est t.: :-:_f<, '.'he tlne-ccrre-

lated data obtained C:"::'. 'his _:tudy are shown in t_h__ CVI. i_, sho<&i4 oe

_g)te_l tha1_ the FAA Mu-Meter used in this correlatio_ _t_:dy was towed by a

station wagon, while the USAF Mu-Meter studied was towed by the pickup

truck (see figure l(c)).

_.9.1 Figure 39 shows the comparison of friction readings obtzine_ by

FAA _ USAF Mu-Meters over a wide range of rtunway slipperiness conditions

at & %eat speed of _0 mDh._ The data shown in ___ _9 were obtained by

ImlX_tti_ _lJ_ent FAA and USAF Mu-Meter frictio_ readings presented in

table XVI. This technique was employed to minimize the time period between

FA_ _d USAF Mu-Meter test neasurements used in the ,_'_m],arisor._, and thus

m4=imize the effects of runway surface condition ._na.,_es"-" that occurred

dtlring the test period. The dat_ shc wr. _n ;.'z%_ra _]_ _:.:_:a<e a direct

corre!aticn exis;s betw<:en _A an% USAF Mu-Metor "_-',._;....,I =_,,_.;, m,:asuremen_s for

the range of runway surf.'__ce ,'_-onZiticns sLOW,,.. T:'.,.... .-_" :,_" .- :r,.e _:_:.: _n

figure 39 is sm _ :,rod.e," .;_" ru_-we.y _,---,-,:t', .... - "" " ' ..,.... ,...... _.l ...... t';i_z, ::-i .z_._:: :}ut *h _ .data

scatter tends ,e ;n-r,=a=_2 _s run,'av _:iiDr,_rinez,- ,.... , , ....... _-"._"azhes

+I0 percent for tb. _ g_":,r.. _<._: :u',.:av so-'f a,: : L: :i_ .. .: ":i<: AI;

exception to +_is,,,, zy;,. < ,:?r:, .r_ ]?r b_'weer. " ' -:1- . :ice :,

smooth ,._nc, et= :c;z:'4a !. -,_ ( _:,: z :-:t [-. t.t_,_ . ..... .: wn :_ :able

XVI For this z.<_.w<¢ :u.,:_c_ ,,..._ ......... , "-_e ::z;}:_.! :-_ . w,:(.n : ,:. aT.d

FAA M_-,'._ezer frlc_ion :'.-=-_<.:-Q,: ,:'< .-hcwr.,, e_,a a--, . -:_t_,, _.__t.=

v_.riatizns in the l'ic.d'...; r',._:,'.;: 'q<." _.e,:::.__:..

5.9.2 The variatio_ <f :k"ct]c,n reading wi<., t_".. _c-e.: L..=" _.wc aifferent

ice-covered runway surfac_s is show7_ in figure ._( re: tiz;. E: .,' :ad EAA _',u-Meters.

The data shown in this fi{_:_-e indicate *.nat th, :!?- 1<,-:; fr: ',J:;n _:ading

tends to be independent of terL a_e',-d ov=r the 2C-_C _h t....: _,peed range

investigated for ice-covered ru_r_ay surface condit.:,:_:::_,

5.10 Preliminar_y Results - DBV/Mu-,Meter C-:r",_._._c:,.,._'.- 3"he com_-ison

of NASA DBV sto_ping distancet-: from o0 mph hr,'P_ke ;.:...._ _ic.'-_t.',_:" :.i:eed with Mu-

Meter friction readings :m:'asured at h0 moh towing sT,_:ed _(_F "_" <_"v, wet,

flooded, snow, s_nd ice-cove_ed runway condition_: _nvcstlgated s -....._,,.in

figure hC. These data wore obtained fr_m tables Vil, ,IX, and ]-[VI.



5.10.1 The equation given in paragraph 4.2.5 states that vehicle stopping

distance is proportional to the brake application speed zquared and inversely

proportional to the friction coefficient. The correlation curve of DBV

stopping distance vitJ_ L_\r ave-a_._ friction cceff_ ci_._t_ _cmputed from this

equation at a brake apilicaticz zpeeLi of" 60 m_h is <_ _._pe _f a rectangular

hyperbola as one _cul,i e.,_,T....- _ rr _ -__.___,_,_, frz_<_ic_., fhe c=rrelati0n

curve between DBV stclFi._ dL_t-_nne _60 mphi _n:! ,,,u-_t _. _t_(:n ........

(hO mph) would be exTc:::t_._ _c fJ, lio',_ _ _miiar ÷r_,<i -_i ".':._:: :_'-Y_._:_er _ "*"

reading rating ,_f run'_',, ___li_2_r:-,,_,3.__. L3 _.:_,.?=_a2::.............:.... j ..........

5.10.2 A hyperbolfc-t, TTe.-cur':e _as f_ired <hro_,=h *_e d_ra <Y fig_re hO

ignoring the Elmontc, n _-.',_,_ n'_='_i:,=_ _n _ sn3v-: 7",;'< , _i_w.'fr. 2"he_e iata

were ignored because t!._,...._-"-"=_÷r,.,: .........:i;r iJ,,......,,, ,::,.} <he teeing veni!ie

properly (oscillated _ yaw) Dn tills _urf_ce "[,ee :_--;-..$'raTn5.5.3). %_ne da,La

scatter abou_ this faired curve is rather large _nal,:_::ng considerable
differences exist between Mu-Meter and DBV asoe_m__t,_, _'...... _,_ _ :_nwa$" slipperiness

for the range of runway surface conditions invesrigsted.

5.11 Preliminarx Results - DBV/Aircraft Correlation.- The comparison

of time-correlated aircraft and DBV stopping distance ratio data obtained

for the wet and dry runway conditions investigated is shown in figure _l.

The s/rcraft SDR data shown in this figur_e were calculated from the aircraft

data given in table IX by means of _he WV 2, V2, and Sew/V 2 methods described
h ,oin paragraph .1.8. The S_/_ew method for calculating aircraft SDR, which

corrects the aircraft test=_ata to standard day, zero wind, sea level condi-

tions, produces the leas_ data scatter of the three methods used to compare

aircraft SDR with DBV SDR as would be expected.

_.II.I Boundary lines have been faired through the extremes of the data

obtained from aircraft :-uns employing r_xiram anti-skid braking and no

reverse thrust in fig-ar_: _i. The trends shown indicate a ncn!inear line of

correlation between test alrcraf* and DFV SDR dat ,_-fo_,-_,'_:_._range of wet r'_nway

conditions investigated, %ith the DBV _howing a !es_ _:.21Tp£rL. J_LnL'ay condition

than that experienced bg the test aircraft, esv,__ci_LLj _:. ti.e Lubbock and

Edwards runways.

5.11.2 The old saov v_? crysrai/i_<! _ce u:_r:i<l_:; _ _,i <,_ :ov{:r the

Edmonton runway (see pa:'_raFh 5._.!) may n:t be re::_'-<_<-u_ ,,', _:"r_ways

covered with loose snov restu\_ing from :atur_L _n.-,_f'a_L -,o:!:_',3ns. _cr

this reason, the air=raf':/DBV SDR data obtained durin_ t._:,_ k._ont::n _ests

are not included in fig_n°e hl for correlation p'_pcc__._. Thes, data are

presented in figure 37(d] and indicate that the Edmonton snob-covered runway

produced a more slippery sua-face for the DBV than f_'r %>.e ?e_ airzrsf%.

5.11.3 Figure 29 shows the comparison of aircraft and DBV average friction

coefficients obtained for the d_d and wet runway ,_nu_ons_-_'_ investigated

The aircraft _avg values yore calculated by the method described in

paragraph h.l.12. The DBV _av_ values are-alcu!ated by the method
described in paragraph _.2.5, 2_is method of comparing alrcra_ am.u DBV

data shows a more linear correlation between aircraft and DBV _ values

than obtained by eompari_ aircraft and DBV e_- a)gv_._n values figure hl for the
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range of dry and wet runway conditions investigated. 'I"nescatter of the

test data is _-c somewhat less for the _avga_._ meDhod than for t.he SDR method.

5.12 _cre_i_Jn_'_._ }_'_:_uf_ts- r_u-:_eter/Aircra_t Correlation.- Figure 41

shows the _a._a_icn-_: _ _f ai_ ___,'af%SD._ with _u-_eter Irlcticn_' reading _-." the

wet runway ccndi ÷ _ons inv,:st:""* _ it "co_. _a_e<.. ca_,_ _een from this figure that

........... _ _-_ _ ............... __scussed in

paragraph 4.i.c di'_'fcr ._,_._w..=<-i_) ::,_%gnlt,u<:+,."._,_trenis of th_ data are:

quite similar in nature. Bouu_dary lines w_re faired thrsu,<_h the e)_remes of

the data points obtained t'r_: maxis:tun braking r'_ns in fig_'___e42. These

boundary lines i:_djc_te th%t the i_a_t !ata "_'t_tter ir_ t._e ccmFari_on _f
aircra_ SDR with Mu-Siete2 f:'ictic.n :-ea_ing_ so,surfed using the W_/= me_hod

....... _ in figure isfor _.aleu!ating aircraft gDR. ?he most data _-+*_- h2 ' shown

for the ._ew/Vew m ....od for comparing aircraft SDR. It should be noted

that this method corrects the aircraft stopping distance data to standard

_y. sea level, zero wind conditions for a standard aircraft gross weight of
,O00 pounas.

5.1_.l The British prefer to snow the correlation of aircraft stopping

d/stance with Mu-Meter friction readin6 under normalized _ircraft stoppin6

energy conditions. This method is illustrated in figure h3 where Mu-Meter

friction reading is compared with test aircraft stopping distance normalized
to a constant energy level (WV2 = 10 × 10°). Boundary lines have been faired

through the data obtained under aircraft maximum braking (no reverse thrust)
condltio_s. At a Mu-M_ter friction reading of 0.5, the data scatter about

a mean point between the boundary lines is approximately +-15 percent.

_.12.2 Figure hh compares the averse friction coefficient obtained by

the aircraft during a braking stop with _D_-Meter friction reading. These

data were obtained from table IX. The aircraft Uav _ was calculated by
the method described in paragraph h.l.12. This method of comparin_ aircraft

stopping performance with Mu-Meter friction reading indicates a non-linear cor-

relation between two quantities for the range of dr-j and wet runway conditions
investigated.

5.12.3 The Mu-Meter friction readings obtained on the snow-covered

Edmonton runway are of questionable v_lidity due to trailer instability

problems on this surface (see par_gr_:ph 5.5.3). The Mu-Mcter friction

readings are ve_" icw _"- *h_ ....._'a"_ ...._o_ _,.s ._..... _n _ _::_cate a more siippe_y runway

condition than the aircraft experienced (see table IX).

5.13 Preliminary Results - Houston Grooved Runway.- Runway 8L/26R at

Houston was grooved to a 2 in. by 1/h in. by 1/h in. transverse pattern

during the time period inte_zening between B-727 and DC-9 aircraft tests of

the Joint FAA-USAF-NASA Runway Research Progrs_. This c_rcumstance permitted

a comparison %o be made of aircraft, DBV, and Mu-Meter data obtained before

and after runway grooving to estimate the effectiveness of this particular

groove pattern in reducing wet runway slipperiness. Table XVII shows this

comparison. In addition to the Joint program data mentioned, table XVII

also contains DBV data obtained on this runway during an NTSB study performed

during 1970. At the time of the 1970 DBV tests, the Houston runway was

heavily coated with rubber deposits in the touchdown areas. Shortly after

the 1970 DBV tests, the runway was chemically treated to remove the rubber

deposits. These deposits had built up again to some extent at the time of

29
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Table X.- Comparison of NASA nose wheel co_.m*er, :f:<_3]__sporzable photo-

theodolite, and _SAF Asks_nia grour.c [':,'.._,tLecdoli_e measurements

of airc_-af * s:c_ing distance a: £_::r: _ ,:-,..cu_:so:__e.i_at
Edwards AFD.

k

YASA ZOUGLAf US±t_
ANTI- RUN _" ;

D!STA=NCE I <_=rD_
SKID NO. _ _I ........

1285 iiO

........... 910
i

_-ill!

= 63

MK IIIA

62

...... 90 .....

6_

72

T3

DISTANCE, SPEEL, _,._.... ,_'. :.:.,. oPn._,,

T..... U-

" _- c* _ .... i 123. _*

1360 IIC i !265 iiO

90 : _ 90
j,, _........ , ..... ........

F
525 70 55G 70 i 70

• 1777 123.7 _ 1650 118.6" 17L7 126.5":

_5, no I_5 no z_o _o

510 7o 535 7o 51o 70

1773 122.7 _ 1695 117.9" 1735 125,2"

.............. ._,.. ii01290 i i!0 1395 II0 _'_
!

850 90 9!5 _0 I _,,

5_-_ 70 550 70 _ =_.-., 70

1390 1.16._* i330 '_-' 6"

!0 126,3'i190

775

'-,_0

i_36

_0

i 73

118.3 m

i1". .11:6C 1!0

"_" i

7O

1320

[ ii0

120,3 m

7n I
.... " i

1180 ii0 1260 1160

790 90 830 90 79'3 90

1,75 70 k95 70

ii0

*BRA_ APPLICATION _ ......

63



I

Table Xl.- Dry DBV stopping distance values--NASA data 1970-71.

TEST

DATE
AIRPORT IAMBIENTSL_FACE T_MP.,

oF

6/13/70 Edwards Concrete i
,t

I

5!

_! ! ,'i

913170 Langley "

2111171

2112,'71

2/12/71

315171

511171

4

--5

DBV SD,

CLEAN I RUBBER
316 3_9

t 3-0

.J32 t 756
280 30"-

292 28_

9._ _

3vs 29","

289 2_';

513171 " " _ j

:].19170 " _ , "

[31z8/7o'-' "
3130/70 " "

,_lZ.kl_ "

h31I?o
3/19t70 "

_Iz7170 "

I_117170 "

I,I'_0170 "

4/20/70 "

5114170 "

5/20/70 "

4/26/71 Wallops

t!

4/27/71 "

4/29/71 "

7/13/71 "

7/15/71 "

9/23/70 lamlltonAFB

6/22/70

IV

tt

II

tt

t,

NCVfES

7-5A test support

}_u,b<.r w<_ cleaned

. _ _

2861286

71

57

62

_2

73

Concret_ K:,
,..,r.._, ; v c ._ _L
Uoncretel Jo
Un_rcove4 _

Asphalt ' .:4
_cnc_ .., _ F
Un_rcoveJ _ _'l

- " | "2

ii A

i2/_0 |Ast_hA-,-t ' 7
: -O1 _

Houston :Concrete 80

320/318

301
_ _ ....

3L6

2_5

300/326

342

cleaned

fete tests

6122170 "

9121170

6i_/_o
n/_/':6"

l I

11
llllllTd

Lubbock

St.
Thomma

Boston

300

331/335

3/_9

; 14/32 92 328

i_A_,/£%_.
r -9127
IAs_{Hn]t

4-LI32R
A_h_] t

It

8L_ 337

k'9 295

_9 --

;-9 --

: _..-: 206

" ri_-i_}£,'i]_]'_-,/_A.A,tes_7 -
_ . ,; ,, ".- ,,

USAF re< uest

DC-8 inc "dent
It It

339

3h3 !i[__o.rt."-.'eques!._E9 ._>.7-9._iqFdent

j 292 Airport request_27__......

_15 ._!

.....

l

l
............. '1
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Table XII.- Dry DBV s%opping distance values--B-727 aircra_ tests.

TEST

DATE

9/29/71

Io/_/71

AI'qPORT

Wallops

I!

A_B __T

TE_. : S, FT
oF _ ,_,

i :292
8

68 t 299

l 72...... .....

" 2 72 288

" _ " • 72 300
• _ i ii r. t , i

23 76 '303
i |l . t

" " 2._ 76 _3

lot7/71 Houston 1 67 3o0
ill i

10/9/71 Edvards I 57.5 346

" " _ 57.5 329
w, , ,

10/11/71 Sea-Tac i 56 32h

" " IA 56 323

" " 18 65 329

19 ¢"5 "_'

" " Boeing 56 _ 3h
m,

" " " 56 32L

" " " 56 335

10/13171 Lubbock I 51.5 299

" " iA 51.5 _02

" " 15 73.5 3!0

" " 15A 73.5 321

10/15/71 JFK i 72 319

i 72 _lO
" " IA [

g5
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Table XIV.- DBV d_y stopping distancemDC-9 _irzraft tests.

_i_;_iil__!:__i̧i!i:i¸¸i_ii::_i_!:_:i!_i,i
:': % !": _ _:_: • : : ,

TEST
AIRPORT

DATE

!
'AMBIENT

,RUN ! TEMP. ,

NO" I OF
z ' _2

FT

I

! NOTES

L
2/12/72 Wallops 305 Clean

: : ; = , __ : " _: "q - ] ....... _ _ _ = ....

i I ! 2". _ .: ,, ....

! ,_ _. ''

i 2 _ 68 !313 i
• • -_ ' : _._

2A
!

2B

68

68

2/23/72 Edmonton 0

Houston

,310

'3o8 I

i298

2/25/_2

| .. ,,
g

69 i 28_ i
" 1

._ 69 !2 1 I, i

67'
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(a) DC-9 test alrcraft

(b) NASA DBV

(c) To_Ing vehicle and Mu-MeCer

Figure i.- Test _!rcrnfr a_d grodv_._ vehlc__ps.
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7.0 APPENDIX

7. i Purpose - Some parameters of significance in analyzing aircraft

stopping performance were recorded on the NASA magnetic tape recorder as shown

in table Iii and discussed in paragraph 4.1.10. The purpose of tkis Appendix

is to present these data in the form of time history piots for each aircraft

test run. As discussed in paragraph 4.I.!0, the magnetic tape data were

digitized, converted to engineering units, and machine plotted at the NASA
Data Reduction Center.

7.2 Data Presentation - On the facing page for each test run are com-

puted time histories of aircraft longitudinal acceleration, average friction

coefficient, and wheel slip ratio. Also presented are the variation of

average friction coefficient and slip ratio with ground speed as well as the

average friction coefficient variation with wheel slip ratio. The equations

required to compute these qumntitie8 are described in paragraph 4.1.10 of the

report.

?.S Definitions - The following definitions of terms _sed in the

Appendix ma_ be helpful in interpreti_ the data presented:

s_oiler I00%, spoiler fully extended;

zero %, spoiler retracted

% Engine Engine i, left engine; Engine 2,

right engine. 100% equals 12,250 rpm

of N 2 compressor stage

Pitch attitude Positive values, pitch-down ;

negative values, pitch-up

Yaw attitude Positive values, nose yawed right;

negative values, nose yawed Left

Normal acceleration

(e.g.)
Positive values when aircraft is

accelerated in the direction of

gravity

Lateral acceleration Positive values when aircraf*

accelerates to right

Longitudinal accelera-
tion (c._.)

aev/sec

Positive values, acceleration;

negative values, deceleration

Angular velocity of right nose

wheel

Wheel i - Left outboard main wheel

2 - Left inboard main wheel

3 - Right inboard main wheel

4 - Right outboard main wheel

162



BR psi Hydraulic pressure measured at
wheel brake

BR MrR psi

L BR POS

R BR POS

Hydraulic pressure measured at

left hand (left brake pedal)

pilot's metering valve

Left brake pedal position (100%

equals fully depressed, brakes on)

Right brake pedal position (100%

equals fully depressed, brakes on)

2 x N.W REV One revolution of right nose wheel

equals 2 pulses. Computer nose

_eel c_ter resets at zero

after 50 nose wheel revolutions

(99 pulses)

AveraKe fric_cign

eoe_¢:tent,
Average friction coefficient
developed through aircraft anti-skid
braki_ system

The data presented in the Appendix have not been corrected for instrument
zero shift errors. Those cases in which errors occur are obvious and must be

considered when analyzing the data.
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